We measure the charge of vortex beams (up to ±7) via diffraction in a triangular aperture. We also apply this technique for measuring femtosecond vortices and non-integer vortices. The results compare favorably with numerical modeling.
Introduction
Vortex beams carry orbital angular momentum, quantized in units of ħ, associated with the azimuthal phase dependence of their helical phase fronts [1] . Vortex beams are readily produced from diffractive plates [1] or programmable spatial light modulators (SLM) [2] , which allow the generation of non-integer vortices as well [3] . Vortex beams have been used to trap and rotate micro-particles, among other applications [1] . The magnitude and sign of the vortex charge m can be measured in several ways [1] . Recently Hickmann and collegues [4] showed that that when a vortex beam illuminates an equilateral triangular aperture, the far-field diffraction pattern consists of a truncated optical lattice. Surprisingly, the number of bright spots in the triangular diffraction pattern is directly related to the vortex's charge m.
We here use the truncated lattice technique to demonstrate the measurement of vortex charge for vortex beams from charge 0 to charge 7, both positive and negative. We compare continuous wave (cw) and femtosecond vortices, and demonstrate that the technique can measure the charge in either case. We also investigate non-integer vortices both experimentally and numerically.
Experimental setup
We used a Ti:Sapphire laser oscillator operating at 800 nm with a repetition rate of 80 MHz and an attenuated power of 50 mW. This laser was switched between cw and femtosecond modes for the various experiments. To provide a good spatial mode for the SLM, we coupled the laser beam through an optical fiber. The rapidly expanding beam that exited the fiber was collimated with a 70 cm focal length lens of 2 inch diameter, providing a near plane wave beam after the lens. The collimated beam then impinged on our SLM (Hamamatsu X8267). We combined a spiral phase with a blazed grating to generate vortex beams in the first-order diffracted beam, eliminating any unwanted zeroth order reflection. The reflected beam from the SLM was sent back through the 70 cm focal length lens at a slightly different angle, allowing us to pick it off with a mirror. The vortex beam came to a tight focus 70 cm from the lens, and a second lens (10 cm focal length) was used to magnify this image to the size of our triangular apertures.
To make the apertures, small pieces of metallic Scotch tape were adhered to a Plexiglas housing with holes in it, providing apertures in air of various sizes. The Plexiglas holder was then affixed to a tip-tilt kinematic mount and attached to an xyz-translation stage, which proved critical for fine tuning of the optical alignment. Immediately after the aperture was placed a 15 cm focal length lens, and one focal length from this lens was placed a CCD camera (Dataray WinCamD). Figure 1 shows the diffraction patterns for vortices of integral charge from zero to five. As the charge of the vortex increases, the number of bright spots in the resultant triangle is seen to increase. As identified in [4] , the number of spots N along one edge of the triangle represents a vortex charge of = − 1. The charge can also be determined by counting the total number N T of spots in the pattern, in which case, = ( 1 + 8 − 3)/2. Including information from the entire pattern might yield more accurate results in the case of higher charge. The patterns in Fig.1 indicate this is a very robust measurement technique for measuring charge up to = 5. With care, we were able to measure up to charge eight, but it became increasingly difficult to resolve the spots any higher than this.
Experimental results
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JThB60.pdf © Optical Society of America It was shown theoretically in [4] that for a negative charge, the orientation will be flipped 180 o from its corresponding positively charged vortex. With our programmable SLM, we flipped the sign of the vortex, and Fig.2a illustrates the change in triangle orientation by comparing the diffraction patterns between charge ±7 vortices.
We also compared the diffraction pattern for a cw beam versus that of a femtosecond beam (with an approximate 40 nm bandwidth) for a charge three vortex. The results shown in Fig.2b indicate that the technique does work for femtosecond vortices, at least for lower order vortices. At higher charges, the pattern quickly becomes unrecognizable. Smearing of the individual spots near the edges of the pattern makes it difficult to count the number of spots.
And finally, we investigated, theoretically and experimentally, the measurement of fractional (non-integer) vortices. Fig.2c illustrates the diffraction patterns for charges 0.2, 0.4, 0.6, and 0.8. The theoretical diffraction patterns were obtained by numerically calculating a two-dimensional Fourier transform of the product of the aperture's transmission function and an incident Laguerre-Gauss field of charge m and 0 radial nodes. The numerical and experimental results compare favorably. They show that it is difficult to be conclusive about the fractional vortex charge based only on counting the number of spots, and that one must take into account the distribution of energy within those spots.
Conclusions
We investigated the diffraction of vortex beams on a triangular aperture. We showed experimentally that the technique is useful to determine integral vortex charges up to about ±7 just by counting the number of spots along the triangular lattice. But, the procedure is not so straightforward for non-integer vortices. The technique works with both cw and femtosecond lasers, at least for small order vortices.
